Biofilms are community structures of bacteria enmeshed in a self-produced matrix of exopolysaccharides.
made of cellulose, although the molecular mechanisms governing their production has not before been an E. coli host as a His-tagged fusion protein and purified it to apparent homogeneity. Structure putative ccs ORFs based upon their proximity to BcsA orthologues and through functional annotation, background so that the expressed soluble portion of the protein (amino acids would contain a Cterminal hexahistidine tag (pCcsZ-His6).
was induced with IPTG (1 mM) after cultures reached an OD600 of at least 0.6 and growth was allowed to continue 16 -20 h at 23°C. The cells were collected by centrifugation at 5000 x g for 15 min and 4°C.
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The pellet was resuspended in buffer A (50 mM Tris-HCl pH 7.5, 300 mM NaCl) and cells were lysed with of 5 mM following crystal growth and to cryoprotectants (crystallization buffer supplemented to 30% (v/v) PEG 8000) just prior to harvesting and vitrification in liquid nitrogen. Data were collected on beamline 08-165 ID1 at the Canadian Light Source synchrotron. A total of 1250 images of 0.2° ∆j oscillations were 166 collected using incident radiation with a wavelength of 1.0 Å for the apo-CcsZ crystal and a total of 1800 167 images of 0.2° ∆j oscillations were collected using incident radiation with a wavelength of 1.0 Å for the 168 product-bound crystal. Collected data was processed with XDS [37]. A P 21 space group was determined 169 with a single copy of CcsZ in the asymmetric unit using POINTLESS, then scaled using SCALA and data 170 reduction performed using CTRUNCATE [38] . The processed data was solved using the molecular 171 replacement technique with the Phaser tool in PHENIX [39] using TmCel5A (PDB ID 3AMD) as a search 172 model. Structural refinement was performed using iterative rounds of automated refinement using the was performed by LigandFit in PHENIX, followed by calculation of an omit map by Polder in PHENIX.
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Ligand real-space refinement was performed in Coot using the Polder map, and validation was performed 177 using MolProbity in PHENIX. Structure interface analysis was performed using the PDBePISA server 178 (https://www.ebi.ac.uk/pdbe/pisa/pistart.html) [41] . Figures were prepared with PyMOL.
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Glycoside hydrolase activity assays. Activity was initially assessed qualitatively by spotting proteins on 180 an agar overlay containing dissolved carbohydrates. Agar plates were prepared by heating a solution of 
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The activity of CcsZ was quantitatively monitored using the dinitrosalicylic acid (DNS) method.
substrates were tested at 8.3 g/L. CcsZ (20 μM) was mixed with substrate in assay buffer (50 mM sodium volume of 18.75 μL of (40% w/v) sodium potassium tartrate was added to stabilize the DNS reaction. The 
Results and Discussion
Identification of the Clostridial cellulose synthase. We searched the NCBI Protein database for hypothetical proteins that were functionally annotated as cellulose synthases, or which showed similarity 219 to known Gram-negative BcsA proteins among the Clostridia. We identified sequences functionally 220 annotated as putative cellulose synthase catalytic subunits in C. difficile (GenBank GAX65516.1),
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Clostridium vincentii (PRR81681.1), Clostridium chromireducens (OPJ65957.1), and Clostridium oryzae 222 (OPJ56113.1), among others ( Fig. 1; red) . The functional annotations are based on sequence similarity to 
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We subsequently examined the loci adjacent to CcsA in each organism listed above to identify if 230 other cellulose synthase subunits were present in a similar orientation to the bcsABZC operon found in 231 Gram-negative bacteria ( Fig. 1 ). Although the orientation of specific genes varied between the genomes 232 we surveyed, in all cases we also identified a putative glycoside hydrolase, annotated as an endo-233 glucanase precursor protein, which we presumed to be the functional equivalent of BcsZ and which we 234 denoted CcsZ (Fig 1; yellow) . In addition, we identified a highly conserved protein of unknown function, 235 which we denote herein as CcsB ( Fig. 1; gray) . Although it is tempting to speculate that these CcsB 236 proteins may serve the functional equivalent to BcsB, a BlastP search of these sequences returned only 237 other proteins of unknown function found in members of class Clostridia and provided no evidence of 238 homology to BcsB. Homology modelling predicted these CcsB sequences to be related to exo-β-239 agarases, although we interpreted this with skepticism due to very limited coverage and identity to the 240 CcsB sequence against the agarase domain fold (i.e., < 40% coverage with < 20% identity in all cases).
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To understand the localization of CcsB, we analyzed the sequence with the TMHMM bioinformatics tool 242 that predicted the sequence contains two transmembrane helices of 19 and 22 residues in length, with 243 these helices very near to each terminus and connected by an approximately 300 amino acid extracellular domain. As expected, no protein was identified with predicted homology to BcsC, or that contained a system also closely resembles the well-characterized peptidoglycan O-acetyltransferase systems encoded by OatA in Streptococcus pneumoniae and PatA/PatB in various Gram-negative bacteria, which be carried out by IcaC, an apparent member of the acyltransferase family 3 (AT-3), most closely 277 resembling the peptidoglycan O-acetyltransferase OatA from S. aureus [29] . Taken in this context, our responsible for the production of the PNAG polymer [45] . Interestingly, IcaA contains a canonical GT-2 291 domain, while IcaD is a smaller protein of unknown function, predicted to be a membrane protein with two 292 TM helices, yet its expression was still necessary for maximal IcaA activity and correct PNAG synthesis 293 [45] . Although CcsB and IcaD share a poor sequence alignment (> 16%), low sequence identity (31%), 294 and no predicted homology, both of these proteins appear conserved in their respective gene clusters 295 and contain two predicted terminal TM helices linked by a single extracellular domain, although CcsB is 296 much larger than IcaD (i.e. 358 residues versus 101) [29, 45] . Thus, our model would predict that ccsAB is 297 necessary and sufficient for cellulose polymerization at the cytoplasmic membrane as reported for icaAD. respectively. Rfree is the sum extended over a subset of reflections excluded from all stages of the refinement. ‡ As calculated using MolProbity [60] .
In agreement with typical GH-5 enzymes, CcsZ folds into an overall structure adopting a distorted 335 TIM barrel fold, in which an (α/β)8 barrel is formed at the core of the fold by eight parallel β-strands ( Fig. 3 , GH-5_25 is reported as a polyspecific subfamily of GH-5 that possesses multiple activities [49] .
indicating CcsZ is capable of using CMC as a substrate (Fig. 6B ). We also tested CcsZ with CMC under a range of pH buffer conditions to measure pH stability. We found CcsZ to have a pH optimum of buffer conditions and still demonstrated detectable hydrolase activity on CMC across all pH values we 448 tested (pH 4-10). CcsZ activity was reduced two-fold between pH 4.5 and 7.5, with a particular loss in 449 activity under alkaline conditions, showing a six-fold reduction in activity at pH 9.5.
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To assess substrate specificity, we also tested the common GH-5 polysaccharide substrates 451 arabinoxylan, xylan, lichenin and β-glucan using the same DNS reducing sugar assay. We did not 452 observe a significant increase in reducing sugar concentration following prolonged CcsZ incubation (i.e. cellobiose disaccharide (G2) and cellotriose trisaccharide (G3) species. In addition, we also observed unreacted and intact starting material (G5) among the CcsZ products, as well as m/z species that the di-and trisaccharide species, and that their intensity on the liquid chromatograph matched this low 476 ionization potential under constant conditions. This data suggested the preferred regioselectivity of CcsZ
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as an endo-glucanase and also accounted for the presence of small quantities of glucose, likely an 478 enzymatic side product, which we were able to structurally resolve bound to CcsZ. 
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This data is notwithstanding the other important human pathogens belonging to class Clostridia.
489
Biofilms have demonstrated roles in bacterial persistence and virulence [12, 13, 58, 59] and have been 490 anecdotally reported in Clostridia to be composed of cellulose exopolysaccharides [7, 8] . Additionally, the 491 loci encoding the molecular machinery for Pel polysaccharide has been recently identified in members of
492
Clostridia [33] . 
